We propose a new heuristic model that incorporates metabolic rate and pace of life to predict a vertebrate species' investment in adaptive immune function. Using reptiles as an example, we hypothesize that animals with low metabolic rates will invest more in innate immunity compared with adaptive immunity. High metabolic rates and body temperatures should logically optimize the efficacy of the adaptive immune system-through rapid replication of T and B cells, prolific production of induced antibodies, and kinetics of antibody-antigen interactions. In current theory, the precise mechanisms of vertebrate immune function oft are inadequately considered as diverse selective pressures on the evolution of pathogens. We propose that the strength of adaptive immune function and pace of life together determine many of the important dynamics of host-pathogen evolution, namely, that hosts with a short lifespan and innate immunity or with a long lifespan and strong adaptive immunity are expected to drive the rapid evolution of their populations of pathogens. Long-lived hosts that rely primarily on innate immune functions are more likely to use defense mechanisms of tolerance (instead of resistance), which are not expected to act as a selection pressure for the rapid evolution of pathogens' virulence.
Introduction
Pathogens and parasites are ubiquitous in nature and they have been ubiquitous throughout the evolution of complex, long-lived organisms, such as vertebrate animals. However, even with medical advances, a leading cause of death in humans continues to be infectious disease (World Health Organization 2014) . A primary reason for the success of pathogens is that they have much shorter generation times than their hosts, and indeed are often a step ahead in the co-evolutionary race between pathogen and host (Råberg and Stjernman 2012) . One long-standing question is how long-lived hosts can ever manage to survive in the presence of such pathogens (Grenfell et al. 2003 ). An emerging answer has been that the vertebrate adaptive immune system essentially allows for natural selection of defenses within the lifespan of the host, via somatic hypermutation and affinity maturation-leading to a specifically tailored antibody response and long-lasting immunological memory (Table 1 provides definitions of terms; note that in evolutionary biology, the word ''adaptive'' refers to traits that confer an ultimate advantage in the face of natural selection, but in immunology, adaptive immunity refers to a proximate physiological response to infection); Grenfell et al. 2003; Janeway et al. 2005; Lee 2006 ). However, this explanation is somewhat unsatisfactory, given the long lifespan of many invertebrate species, which lack adaptive immune responses (Hedrick 2004) . Although it is becoming clearer that the innate immune system of invertebrates is more complex than previously thought and can also generate types of ''memory'' (often referred to as immunological priming) (Table 1) , the adaptive response of vertebrates stands somewhat alone in its precision and its quick evolution of increased affinity for the pathogen within a single host's lifespan-which has led to the success of vaccination programs (Janeway et al. 2005; Schmidt-Hempel 2005; Chambers and Schneider 2012) .
In vein with this line of thought-and focusing specifically on vertebrates, Lee (2006) developed a ''pace-of-life'' hypothesis as it pertains to ecological immunology. The main tenant of this hypothesis is that long-lived vertebrates (slow pace of life) should invest more in adaptive immune functions and immunological memory because they are likely to reexperience the same pathogens throughout their life (Lee 2006) . Conversely, short-lived vertebrates (fast pace of life) should invest more in innate immune mechanisms in contrast to investing in adaptive immune functions (Lee 2006) . This hypothesis has led to a number of studies, testing this hypothesis both at the level of species and individuals in birds and mammals-with variable amounts of support (e.g., Martin et al. 2006 Martin et al. , 2007 Cutrera et al. 2010; Buehler et al. 2012; Horrocks et al. 2012; Previtali et al. 2012 , but see Palacios et al. 2011; Lucas and French 2012) .
Here, we approach this topic from a herpetological perspective, and we argue that a strong adaptive immune response is not necessary for the survival of slow pace-of-life vertebrates. We focus only at the level of species and larger taxonomic groups and aim to make the pace-of-life hypothesis more applicable to all vertebrates. In so doing, we approach the question of how long-lived species have evolved in the midst of their pathogens, both with and without, strong adaptive immunity. We argue that relative metabolic rate-and especially the difference among metabolic rates between endothermic While we propose a new heuristic model, we draw heavily from recent, insightful reviews on reptiles' immune function, physiological ecology, and mathematically explicit models of host-pathogen evolution. We suggest that our proposed framework is widely applicable, and it will advance knowledge in topics as disparate as the evolution of endothermy, the evolution of varying degrees of resistance and tolerance of pathogens, and the gross prediction of stable states in host-pathogen systems. Theory has focused on a wide range of influences on host-pathogen dynamics-e.g., density of hosts, pathogen pressure, reservoir species, multiple host species, life-history of hosts, and reproductive rates of pathogens. We are not aware of theoretical models or empirical tests of the effect of hosts' metabolic rates on important ecological and evolutionary processes, such as the evolution of virulence.
Background to the pace-of-life hypothesis and to immune function of vertebrates Lee (2006) proposed a heuristic framework, which predicts that long-lived vertebrate species will invest more in adaptive versus innate immunity (Table 1) . Specifically, immune mechanisms that have a high developmental cost-especially cell-mediated and humoral induced immunity (Table 1 )-should be favored by species that are likely to re-encounter common pathogens (Lee 2006) . Although these mechanisms have a high developmental cost, they confer long-term immunity. As all immune functions are thought to come with some cost, it follows that these species will invest relatively less in innate mechanisms, which have low developmental costs but no immune memory (Lee 2006) . We use immunological terminology consistent with Lee (2006) , except that we follow Janeway et al. (2005) in classifying natural antibodies as an innate rather than an adaptive immune mechanism (also see Martin et al. 2008) . As a caveat to our argument, immune functions are better classified as ''constitutive'' or ''induced'' and ''nonspecific'' or ''specific'', instead of ''innate'' and ''adaptive'' (Table 1 ; Martin et al. 2008) . Similar to Lee (2006) , we focus on differential allocation of energy toward ''adaptive'' (the induced, specific, cell-mediated, and humoral branch of vertebrate immune system) rather than ''innate'' (constitutive mechanisms) ( Table 1 ). ALthough this model encompasses many immune functions, it does not make specific predictions about induced ''innate'' functions such as local and systemic inflammation, which is energetically expensive, yet effectively controls many infections (Hart 1988; Klasing and Leshinsky 1999) .
Reptiles: the exception that makes a new rule?
Although many reptiles have a slow pace-life (Vitt and Caldwell 2009) , evidence suggests that their adaptive immune responses are, in fact, much weaker than those of even short-lived mammals (Origgi 2007; Zimmerman et al. 2010) . In particular, production of induced antibodies is slow-often not peaking until 2-4 weeks after exposure to a pathogen or antigen (Jacobson and Origgi 2007; Zimmerman et al. 2010) . In contrast, antibody titers in mammals and birds have higher peaks and reach those within 4-10 days (Janeway et al. 2005; Snoeijs et al. 2007) . Similarly, while somatic hypermutation can occur, it does so inconsistently, and affinity maturation is reportedly absent in reptiles' immune responses (Table  1 ; Turchin and Hsu 1996; Zimmerman et al. 2010) . More than in the situation in birds and mammals, strong induced antibody responses by reptiles are inconsistent due to a greater dependence upon factors such as dosage, timing, environmental temperature, and season (Origgi 2007; Zimmerman et al. 2010) . Similarly, other facets of the adaptive immune system (e.g., proliferation and priming of T cells) are assumed to be slower and less efficient in reptiles as well (Zimmerman et al. 2010) . Indeed, Zimmerman et al. (2010) hypothesized that low metabolic rates may have influenced reptiles to invest more in innate immunity, rather than in adaptive immune function. Similar arguments have been made for a variety of species of ectothermic vertebrates, including amphibians and fish (reviewed by Hsu 1998; Plouffe et al. 2005; Magnadó ttir 2006) .
Our own studies of the Mojave desert tortoise (Gopherus agassizii) corroborated these generalizations. Even though this species has a very slow pace of life (lifespan of 40-80 years, generation time of more than two decades, and very low fecundity), induced antibody responses to an experimental vaccination against a foreign protein (ovalbumin) did not peak until 4-8 weeks after immunization (Sandmeier et al. 2012) . Although all individuals had natural antibodies to the ovalbumin, those with the highest levels of natural antibody failed to make a detectable induced antibody response at allsuggesting a trade-off between adaptive and innate immune mechanisms (Sandmeier et al. 2012 ). We hypothesized this species' extremely low metabolic rate causes it to rely much more on natural antibodies, compared with production of induced antibodies (Sandmeier et al. 2012) . A similar trade-off between natural and induced antibodies also has been detected in water pythons (Ujvari and Madsen 2011) .
We propose that reptiles, and other ectothermic vertebrates with much lower metabolic rates than those in mammals and birds (Brown et al. 2004) , are limited in the efficacy of the adaptive immune responses that relies on rapid cell replication and protein synthesis (Alberts et al. 2002; Janeway et al. 2005) . However, these organisms also encompass a large continuum of fast-to-slow pace of life. Although ectothermic vertebrates appear to violate the pace-of-life hypothesis (Lee 2006) , we propose they do so in a predictable way-determined by limitations imposed on adaptive immune function by metabolic rate and body temperature at the time of infection and immune-challenge.
Adding metabolism to the pace-of-life hypothesis
We propose that the variable of relative metabolism (for species and larger evolutionary clades) should be included in the pace-of-life hypothesis, as depicted in Fig. 1 . Thus, for vertebrates with relatively high mass-specific metabolic rates, investment in adaptive immunity and immunological memory, it should increase with slower paces of life (Lee 2006) . However, if a species has a much lower average mass-specific metabolic rate than that typical of an endotherm, their investment in adaptive immunity should decrease, because they derive much lower benefit from this investment (detailed below). Therefore, a species with a slow pace of life and a low mass-specific metabolic rate should invest heavily in the immune system, but the investment should be largely in innate immune functions, rather than in adaptive ones.
Notably, few species exist with a truly slow pace of life and a fast metabolic rate, resulting in an empty region in the upper left-hand corner of Fig. 1 (Brown et al. 2004 ). In addition, we only hypothesize the pattern of change in the middle of the diagram between our examples of extremes. Experimental, comparative studies are needed to provide data to support hypotheses of the interactions of these Larger circles indicate relatively higher levels of investment than do smaller circles. Species reflect those used as examples by Lee (2006) . Extrapolating across the diversity of species of vertebrates, we use shading to indicate higher relative investment in adaptive immune function. Darker shading indicates relatively higher investment. While empirical data are needed to determine this actual pattern, panels (A) and (B) show two possibilities. In (A), pace of life and mass-specific metabolic rate are equally important in influencing a species' investment in the adaptive immune response. In (B), mass-specific metabolic rate is the primary determinant of a species' investment in adaptive immune function.
three variables (pace of life, metabolic rate, investment in adaptive immune function) across the true gradient of species diversity.
Is adaptive immunity necessary?
One implication of this model is that it brings into question the necessity of adaptive immunity, which is often assumed to be vital to survival (Rinkevich 1999; Janeway et al. 2005) . Indeed, if any adaptive immune function is ''knocked out'' in mammalian models, the probability of mortality due to disease rises rapidly (Janeway et al. 2005) . We argue, however, that the evolution of defensive strategies has been modeled much more extensively from the point of view of the host ''catching up'' to the evolution of the pathogen than from the point of view of the pathogen reacting to the immune system of the host. In an insightful commentary that has received little attention from ecological immunologists, Hedrick (2004) outlined the argument just stated, and he provided considerable support for this hypothesis. Briefly, he argued that the adaptive immune system of vertebrates, via the effects of somatic hypermutation and affinity maturation, is expected to act as a strong selective pressure for immune-evasion and rapid changes in virulence in targeted populations of pathogens. While immunity of invertebrates often is complex and analogous to some functions of vertebrates' adaptive immunity, the adaptive mechanisms of vertebrates (somatic hypermutation, affinity maturation, and accompanying antibody-based immune memory) do not occur to the same extent (Hedrick 2004; Schmidt-Hempel 2005) . However, because diverse lineages of hosts usually do not share the same populations of pathogens, hosts do not have to ''win'' against all pathogens, but they must survive and reproduce in the face of their endemic pathogens (Hedrick 2004) . Said another way, natural selection is expected to promote survival of hosts with higher relative fitness within a population, and not among disparate lineages of host organisms.
Hedrick (2004) took a broad view and contrasted invertebrates' and vertebrates' immune functions and their co-evolution with their pathogens. He assumed adaptive immune function of vertebrates to be uniformly developed among species, while that is clearly not the case. Instead, vertebrate species are a much more diverse group that exhibits variation in investment in adaptive immune function as well as in host-pathogen evolutionary dynamics (e.g., Hsu 1998; Lee 2006; Zimmerman et al. 2010; RollinsSmith and Woodhams 2012) .
Although overly simplified, Table 2 depicts our predictions about how the evolution of pathogens will be affected both by pace of life and by investment by vertebrates in adaptive immune function. Both (1) short generation-times of hosts (associated with fast pace of life) combined with innate immune mechanisms, and (2) adaptive immune mechanisms (regardless of hosts' generation time) will accelerate the co-evolutionary race between hosts and pathogens. In such systems, we expect evolutionary dynamics described as ''Red Queen dynamics '' (Van Valen 1973) , in which the host is constantly evolving (''running'') to just keep up with the evolution of the populations of the pathogen and vice versa. However, this is not the only outcome of hostpathogen relationships. The immune strategies of the host may determine the pace and outcome of the co-evolutionary race as well as the seemingly endless evolutionary potential of the pathogen (see discussion on tolerance and resistance below) (Hedrick 2004) . Although our heuristic model ( Fig. 1; Table 2 ) is specific to vertebrates and their well-understood adaptive immune response, such a model can be broadened to include immune function of invertebrates'
(including concepts such as specificity and immune memory), metabolism, and lifespan.
Mechanistic link between metabolism and adaptive immune function
The efficacy of an induced antibody response, and the immunological memory it produces, is determined both by the affinity of antibodies for the pathogen and the overall quantity of antibodies produced (Alberts et al. 2002; Janeway et al. 2005; Zimmerman et al. 2010) . In birds and mammals, naïve B cells are activated and replicate rapidly in germinal centers (lasting 3-4 days), which are the sites of somatic hypermutation and affinity maturation (Hsu 1998; Janeway et al. 2005; Snoeijs et al. 2007 ). B cells commonly divide three to four times per day, leading to the production of billions of cells (Janeway et al. 2005 ). Many of these cells then are negatively selected and then removed via apoptosis, leaving behind positively selected plasma cells with receptors with the highest affinity for the pathogen (Janeway et al. 2005) . This process inherently must be supported by the high metabolism required for these rapid rates of cell division.
Similarly, the production of antibodies by selected plasma cells also requires high rates of metabolism. In birds and mammals, plasma cells typically can produce 2000 molecules of antibodies per second (Alberts et al. 2002) . Such high rates of protein synthesis are certainly energetically expensive. We argue that these two processes-(1) the replication of cells needed for somatic hypermutation and affinity maturation of B cells, and (2) the massive production of antibodies within a short time (4-6 days)-are often the rate-limiting process in adaptive immune responses in reptiles and other metabolically slow ectotherms.
Endothermy should allow for short-lived, rapid increase in high-affinity antibodies (i.e., an induced antibody response) to be particularly effective at removing a given pathogen or toxin, because the kinetics of antibody-antigen reactions will be both fast and consistent at high, constant body temperatures (sensu Hsu 1998; Karasov and Martínez del Rio 2007) . In other words, in an ectotherm, the effectiveness of short-term increases in induced antibody levels will depend on the concomitant body temperature. If the animal is restricted in its ability to thermoregulate at the time of infection, an induced antibody response essentially may be a waste of the energy needed to produce the antibodies. Evolutionary adaptation to cool and/or seasonal climates can of course allow for a species' or population's physiological processes, such as immune responses, to function more effectively at those temperatures (Buchtíková et al. 2011; Raffel et al. 2013) . Similarly, individuals also may undergo physiological acclimation to low or predictably changing temperature (Raffel et al. 2006 (Raffel et al. , 2013 . Evolutionary adaptation and ecological acclimation may be more important in constitutive immune function-as background levels may be adjusted (over evolutionary or ecological time) to cycle with predictable (e.g., seasonal) changes in environmental temperature (e.g., Raffel et al. 2013) . As adaptive immunity always relies on rapid cell replication and protein synthesis, small changes in the optimal temperatures of enzymes or saturation levels of proteins in tissues and fluids is likely to have only a small impact on the efficacy of adaptive immunity at low body temperatures. This hypothesis, of course, needs to be tested empirically.
The methods for measuring such immunological performance in relation to body temperature already exist in the extensive toolbox of physiological ecologists (Karasov and Martínez del Rio 2007; Angilletta 2009 ). While the influence of body temperature on rates of physiological performance-as well as adaption and acclimation of performance to environmental temperatures-have been measured in a large number of systems, specific attention to immunological performance generally has been neglected (but see Maniero and Carey 1997; Johnson et al. 1999; Raffel et al. 2013; Terrell et al. 2013) .
The energetic cost of endothermy has long been recognized, and hypotheses for its evolution have focused on increased fitness due to the influence of basal and maximal metabolic rates on physiological processes, behaviors, and species' interactions (Kemp 2006; Hayes 2010; Nespolo et al. 2011) . We suggest that increased efficacy of the adaptive immune system could have contributed to the evolution of endothermy as much as (or perhaps more than) other, previously considered, physiological functions. In support of this hypothesis is the fact that endothermy evolved at least twice in vertebrates (diapsids such as birds and possibly dinosaurs, and synapsids such as mammals) as did lymph nodes and large investments in adaptive immunity (Hsu 1998 Relationship to tolerance and resistance Recent empirical and theoretical studies have investigated the prevalence of two very different strategies of hosts' defense against pathogens: tolerance and resistance (Schneider and Ayres 2008; Råberg and Stjernman 2012) . Importantly, these two strategies lead to different predictions about the evolution of characteristics such as virulence in host-pathogen systems (Miller et al. 2006; Schneider and Ayres 2008; Råberg and Stjernman 2012) . In contrast to resistance, tolerance allows the host to cope with infections without limiting the pathogen's population (Schneider and Ayres 2008) . This strategy, therefore, may lead to an increase in the prevalence of the pathogen in the host's population, but the strategy reduces selection pressure for increased virulence (Schneider and Ayres 2008; Råberg and Stjernman 2012) . Miller et al. (2007) modeled how different types of hosts' defenses (including different levels of resistance, immunological memory, and tolerance) are optimal and how these strategies vary with life span of the host. Their predictions are profoundand support our predictions (Table 2) . They found that species with slow pace of life will invest more in defense-but that the differential investment in adaptive immunity, rather than in innate immunity, can change, based on other factors such as mechanisms of immunity and persistence of immunological memory (Miller et al. 2007) . A given system could also have more than one evolutionarily stable statein terms of a host's investment in tolerance and resistance (Miller et al. 2007) , as predicted by Hedrick (2004) .
The link between these models and our hypotheses is that adaptive immunity is perhaps the strongest mechanism of resistance in endothermic vertebrates with a slow pace of life, such as humans (Janeway et al. 2005; Miller et al. 2007 ). Vertebrates' innate immune mechanisms are more diverse and are likely to span a continuum of strategies, from tolerance to resistance (Fig. 2) (Schneider and Ayres 2008) . In animals, apparent tolerance has been quantified in a small number of studies, but the mechanisms of tolerance are unknown (Ma et al. 1998; Råberg et al. 2007; Schneider and Ayres 2008) . Indeed, these mechanisms are likely functionally and genetically linked to the physiology of innate immunity and homeostasis (Fig. 2) . For example, the limitation of some, but not the entire, population of pathogens falls into the middle of the continuum of hosts' defenses. This type of immune defense-and the associated prevalence of species or individuals that tend to be ''silent carriers'' of pathogens-seems to be particularly associated with reptiles, for example, turtles and tortoises (McArthur 2004) ; hemoparasites of reptiles (Telford 2009) ; and viral pathogens of reptiles (Marshang 2014) . As is the case for mammals (Schneider and Ayres 2008) , elucidation of mechanisms of immune tolerance in this group of vertebrates currently is lacking.
Conclusion
Our hypothesis combines pace-of-life and metabolic rate to expand Lee's (2006) model to include both ectothermic and endothermic vertebrates. With additional refinement and increased knowledge of the diversity of invertebrate immune mechanisms, this model should also become applicable to invertebrates. The interactions among pace-life and metabolism fit easily into models that predict differential investment by hosts in tolerance and resistanceincluding different levels of immunological memory. Experiments and comparative studies can be used to determine the effects of temperature as well as of thermal adaptation and acclimation affecting immune functions in different species. Thermal and metabolic constraints on functions of tolerance and resistance to pathogens can then be included in theoretical models of host-pathogen relationships and disease ecology. Finally, our heuristic model is concordant with evolutionary theory and emphasizes the importance of examining species-specific selection pressures due to hosts' immune mechanisms on their communities of pathogens. The primary author was supported by Lindenwood University.
